Calcium transport and calcium signalling mechanisms in bone cells have, in many cases, been discovered by study of diseases with disordered bone metabolism. Calcium matrix deposition is driven primarily by phosphate production, and disorders in bone deposition include abnormalities in membrane phosphate transport such as in chondrocalcinosis, and defects in phosphate-producing enzymes such as in hypophosphatasia. Matrix removal is driven by acidification, which dissolves the mineral. Disorders in calcium removal from bone matrix by osteoclasts cause osteopetrosis. On the other hand, although bone is central to management of extracellular calcium, bone is not a major calcium sensing organ, although calcium sensing proteins are expressed in both osteoblasts and osteoclasts. Intracellular calcium signals are involved in secondary control including cellular motility and survival, but the relationship of these findings to specific diseases is not clear. Intracellular calcium signals may regulate the balance of cell survival versus proliferation or anabolic functional response as part of signalling cascades that integrate the response to primary signals via cell stretch, estrogen, tyrosine kinase, and tumor necrosis factor receptors Keywords Hypophosphatasia; chondrocalcinosis; osteopetrosis; osteoporosis Although bone is not considered a major calcium sensing organ in humans, the cells of bone tissue control over 99% of the human body's calcium content. The principal calcium sensors that regulate bone calcium uptake and release are in the parathyroid glands. Bone function is also modified by vitamin D and by calcium transport in the kidney and intestine. These indirect mechanisms of controlling bone calcium metabolism are beyond the scope of our considerations here. In spite of processing such massive quantities of the Ca 2+ bone cells use calcium in their homeostatic control processes. The massive movement of calcium is carried out by specialized and regulated transporters. Defects in the transporters cause diseases with affect bone structure or function. Indeed, inborn errors have been very important in defining the calcium transport mechanisms in bone.
cellular attachment, motility, endosome function [Piper and Luzio, 2004] and survival [Davies and Madesh, 2004] . These are all critical functions in bone bone degrading osteoclasts.
In this chapter, we will describe calcium transportand calcium regulation from the standpoint of bulk mineral transport, and then from the standpoint of cellular regulation. We will use inborn errors of metabolism where possible to illustrate the major calcium-related activities of the cells. After the framework of functional calcium transport is established, we will discuss calcium-dependent cellular regulatory functions.
BULK CALCIUM TRANSPORT BY THE OSTEOBLAST AND RELATED CELLS
The osteoblast is a mesenchymal stem cell derivative [Pittenger et al., 1999] . Specialization of the osteoblast allows it to produce an extracellular matrix of type I collagen and accessory proteins including osteocalcin [Young 2003 ], which are present in minor quantities. The type I collagen is very dense and heavily crosslinked, creating an extremely high tensile strength. To provide strength to the skeleton, it comprises approximately 10% of the dry mass of bone. Osteocalcin is a calcium-binding low molecular weight protein, its calcium binding properties conferred by post-translational modification to produce γ-carboxyglutamate [Bugel, 2005; Weber, 2001] . Osteocalcin is important in proper calcification of the matrix. Dozens of other accessory proteins found in bone matrix also play important, but secondary, roles in bone structure. The major component of bone matrix is bone mineral, which provides its resistance to compression, and in combination with type I collagen produces a skeleton of great strength and durability. However, the bone matrix is also amassive depot of minerals [Neuman and Neuman, 1958] . This includes over 99% of the body's calcium, but the calcium-balancing anions, mainly PO 4 3− , are also important and, in the presence of a chronic acid load, amount to approximately 1.5 moles of available base equivalents for each calcium [Cho et al., 2003] . When necessary the skeleton is sacrificed to maintain the pH of the extracellular fluid [Bushinsky, 2001; Carano et al., 1993] .
How the osteoblast deposits mineral has long been an interesting mystery. Details of the process are still unclear, although some general principals can be derived from diseases of mineralization which point to the central mechanisms. The chemistry of bone mineral, hydroxyapatite, requires that any mechanism of bone formation include a supply of Ca 2+ and and some way to dispose of 1.4 H+ per each Ca 2+ deposited.
Equation 1
The need for local control of extracellular ion composition and pH buffering is reflected in the multicellular structure that regulates bone formation in the air-breathing vertebrates, which is called the "osteon". This is an extended group of gap-junction connected cells that are embedded in the bone matrix, together with a layer of osteoblasts "covering" the bone surface at the interface of the osteon with the bone marrow ( Figure 1 ). This multicellular structure is of key importance. That the surface osteoblasts are connected to the earlier generations of osteoblasts (called osteocytes), which have become embedded in the matrix produced by the cells, allows the unit to be regulated by interaction with marrow cells and serum components. It has long been known that the access of water and ions to bone matrix is very restricted [Deakins and Burt, 1944; Neuman and Neuman, 1958] . Thus the bone matrix is entirely surrounded by cells, which control the movement of constituent proteins of bone matrix and also of the ions which are deposited to produce bone mineral. Therefore it is mainly byactive or facilitated transport that constituents in the extracellular fluid can reach the matrix. Note, for example, that tetracycline or calcein will accumulate very specifically in the mineralizing layer of bone at the surface of an activeosteon, while bone surfaces deep within the osteon are unlabeled. When the osteon dies, as in osteonecrosis following high-dose glucocorticoid exposure, the cell-matrix surfaces can be labeled by tetracycline in an osteon specific geometry [Eberhardt et al., 2001] . The control of this cellular array surrounding bone matrix requires both connexin43 and purinergic receptors [Civitelli et al., 1993; A. Hoebertz et al., 2003 ].
The mechanism of bulk calcium transport for bone formation is partly established from experimental work and is partly conjectural (Figure 1 ). The source of the calcium is obviouslythe extracellular fluid, and its transport through the active surface osteoblasts of a bone forming osteon is clearly regulated. However, the molecular mechanism is poorly understood. There is insufficient Ca 2+ -ATPase activity for mineralizationto be supported by direct transport [Gay and Lloyd, 1995] , and this would be, energetically, very inefficient as well. It was long hypothesized that there wasa calbindin-dependent calcium ferry [Balmain et al., 1989 ], but this is either not to be the case, or the calcium buffer system for facilitated transport involves a unique mechanism not yet described, in that calbindin-negative osteoblasts lose 25% of their calcium binding capacity but transport calcium at a normalrate [Turnbull et al., 2004] . Osteoblasts express abundant sodium-calcium exchangers, however, in a pattern likely to correlate with bulk mineral transport [Stains et al., 2002] , so it is probably early to discard the calcium ferry hypothesis entirely, and it is more likely that a calbindin-independent mechanism of some sort exists.
The only essential components of the mineral deposition mechanism that are fairly certain at this time relate to phosphate. Even for phosphate, alternative mechanisms are proposed, which are not mutually exclusive but probably function in parallel, in the regulation of different aspects of skeletal calcium transport, and to some extent provide redundancy that allows many mineral transport disorders to be survivable. Alkaline phosphatase activity is essential to produce phosphate. Its substrate is pyrophosphate. In the absence of the alkaline phosphatase, normally highly expressed as an ectoenzyme by osteoblasts, there is little matrix mineralization and very high serum pyrophosphate accumulation occurs [Whyte et al., 1995] . The pyrophosphate is, to a major extent, produced by a nucleoside pyrophosphatase, PC-1 [Lotz et al., 1995; Hessle et al., 2002] . This gene is also expressed in other organs, where polymorphisms may be related to pathology, but mutations in the bone are not described. A multipass transmembrane protein related to progressive ankylosis (fusion of joints), ANK, is also major additional source of pyrophosphate [Ho, Johnson, and Kingsley, 2000] . It is a pyrophosphate transporter, so presumably the source of the pyrophosphate is intracellular although the biochemical pathway is unknown. Mutations in its human homolog, ANKH, cause a group of diseases including craniometaphysial dysplasia and chondrocalcinosis [Reichenberger et al., 2001; Nurnberg et al., 2001; Williams et al., 2002; Pendleton et al., 2002] .
A PROTON CONNECTION
The third component required for bone formation, removal of protons, is essential but it is frequently ignored in considerations of mineralization. High concentrations of phosphate and calcium at neutral pH will form an initial precipitate, but mineral formation is quickly limited as the pH falls below 5.6 [Neuman and Neuman, 1958] . Bone mineral, on the other hand, is deposited rapidly along a line of new bone within an osteon where the matrix is completely enclosed by cells. The calcium deposition is carefully orchestrated and precise, requiring regulated Ca 2+ and H + transport (Figure 1 ). The existence of local alkalinization at the site of mineral deposition was long ago noted in using a pH indicator [Cretin, 1951] . We noted in genescreen studies of human osteoblasts that many subunits of the vacuolar-type H + -ATPase are highly expressed, but no clear vectorial localization of the pump (hypothetically in the opposite orientation as in the osteoclast, discussed below) has been observed. Other possibilities include an H + -pyrophosphatase, which could make the requisite (outward) acid gradient as well as producing pyrophosphate for mineral formation, but such transporters have not been found in metazoans.
CALCIUM-DEPENDENT CELLULAR REGULATION IN THE OSTEOBLAST AND IN RELATED CELLS
As noted in the introduction, the bone is not a classical calcium sensing organ. However, osteoblasts express a G-protein coupled calcium receptor, GPRC6A [Pi et al., 2005] , and purinergic receptors that mediate calcium uptake or regulation in the osteoblast [Hoebertz et al., 2003] . The osteoblast may thus play a role in adaptation to abnormal extracellular calcium such as in diseases where the parathyroid calciostat is unable to maintain extracellular calcium activity within its normal narrow limits, and knockout of the calcium sensing receptor does impair calcium homeostasis independently of PTH [Kos et al., 2003] . This mechanism will, however, require further study. Activating mutations of the calcium sensing receptor are associated with Bartter's syndrome [Watanabe et al., 2002] , which is a renal calcium reabsorption defect, and no osteoblast-related phenotype is known. Purinergic receptors are known to be present on osteoblasts and ATP or UTP coordinate osteoblast activity in bone remodeling [Hoebertz et al., 2002] . Similarly, in the mineralization of otoliths purines play an important role in mineral deposition by otoconial epithelial cells [Suzuki et al., 1997] . From mice defective in vestibular function a new and unique family of membrane proteins has been identified, the otopetrins [Hurle et al., 2001] . These membrane proteins are essential for otolith mineralization but are found in many tissues. We have studied the expression of otopetrin 1 in cultured cells and are studying it as a potential novel regulator of P2Y and P2X activity. Although the function of otopetrins in osteoblasts has not been studied, they are essential for mineralization in otolith formation [Hurle et al., 2003; Hughes et al., 2004] .
As in most cells, osteoblasts express several calcium channels. The clearest role of calcium channels in functional osteoblast regulation is for L-type voltage-sensitive channels. These channels mediate changes in osteoblast intracellular calcium that vary with major osteoblast regulatory agents including vitamin D and PTH [Li et al., 1997; Gu et al., 2001; Ryder et al., 2001; Bergh et al., 2006] . Pharmacological inhibitor studies of L-type calcium channels show mixed results in assays of osteoblast differentiation [Zahanich et al., 2005; Nishiya et al., 2002] . However, the L-type calcium channels are probably essential intermediates in osteoblast intercellular calcium signals [Jorgensen et al., 2003] . Additional calcium channels may be involved in metabolic coupling to osteoblastic intracellular calcium, including the ryanodine receptor, purinergic receptors, and IP3Rs [Sun et al., 2002; Jorgensen et al, 2003 ]. There are also sodium/calcium channels such as ENaC that may respond to membrane swelling in the osteoblast [Kizer et al., 1997] . These transporters may be important, and some associations with cytokine response are known [Kirkwood, et al., 1997; Bradford et al., 2000] . However, physiological mechanisms are for the most part not clear.
Osteoblast intracellular calcium is regulated by membrane stretch or shear stress and by other mechanisms [Kamioka et al., 2006] . Further, the absence of stretch causes atrophy. This effect is important, with acute and severe bone loss caused by disuse or unweighting [Bikle and Halloran, 1999] . Stretch-induced calcium transients, probably via L-type calcium channels, are important in the coupling of bone flexion to the activity and proliferation of osteoblasts and related cells [Hughes-Fulford, 2004] . Skeletal flexion also promotes chondrocyte growth [Drescher et al., 2003] . Osteoblastic cellular responses include cell proliferation [Riddle et al., 2006] , as well as diverse, generally anabolic, effects on differentiationand activity.
It is likely that the calcium signal is secondary to potassium-dependent depolarization [Wiltink et al., 1994; Gofa and Davidson, 1996; Hattori et al., 2001; Jorgensen et al., 2003 ]. Stretchactivated potassium channelactivity has been demonstrated [Duncan and Misler 1989; Ypey et al., 1992; Davidson, 1993] . This may be due to two-pore domain potassium channels [Chen et al., 2005; Hughes et al., 2006] , although the mechanism is not firmly established. Other channels have been proposed, including activation by focal adhesion kinaseor outwardlyrectifying BK potassium channels [Rezzonico et al., 2003 ]. Stretch-activated channels are, in turn, co-regulated with cell attachment-related proteins. These may, in addition to the ion signals, modify the cell attachment and attachment-related kinases. This has been demonstrated in chondrocytes [Lee et al., 2000] , and a similar mechanism in osteoblasts probably modifies the focal adhesion kinase [Boutahar et al., 2004] .
While stretch activation of calcium signals involves interaction with attachment proteins, not all stretch-related signals require calcium. All mechanical stimuli activate ERK1/2, with downstream upregulation of pro-growth transcription factors, such as c-fos [Ruwhof and van der Laarse, 2000] . The integrin β subunit is essential for ERK1/2 activation and downstream signals in response to mechanical stimulation [MacKenna et al., 1998 ]. However, the cation channels may be dispensable for most of the gene expression effects [Sadoshima et al., 1992] . On the other hand, in connected osteoblasts and osteocytes, calcium is a key intercellular signal.
Calcium fluxes in osteoblasts may have anabolic effects or may promote apoptosis, depending on the context of the signal. Survival mechanisms triggered along with cell stretch, includingPI-3-kinase activity and phosphorylation of Akt [Danciu et al., 2003] , are probably involved in the promotion of cell survival and anabolic effects in stretch related calcium signals. The IP3R receptor family may be important in changes of nuclear calcium transport with senescence [Huang et al., 2000] . On the other hand, induction of calcium via NAD+ and the RyR induces apoptosis [Romanello et al., 2001 ]. This is not surprising in that this type of calcium signal is unrelated, as far as is known, to adhesion-related survival signals. Further, the RyR is a critical regulator of nuclear calcium in osteoblasts . The anabolic/apoptotic decision may also be dependent on the type ofcalcium channel, and on the magnitude and location of the calcium current.
Abnormal calcium transport undoubtedly contribute to bone defects but specific examples are poorly described. For the major calcium transporters, significant defects are lethal in embryonic life, such as in the Cav1.2 L-type calcium channel [Seisenberger et al., 2000] . Interestingly, for the closely related Cav1.2 and Cav1.3 L-type calcium channels, which are likely to be the principal calcium channels in stretch-related calcium fluxes in osteoblasts, the Cav1.3 channel may partially compensate for loss of function of Cav1.2 [Xu et al., 2003 ]. There are mutations of Cav1.2 with cardiac defects and a variety of other developmentalabnor-malities including syndactyly (fusion of fingers), but no clear bone phenotype at the level of bone matrix structure [Splawski et al., 2005] . In other cases, knockouts are survivable, but, as in the IP3R1 knockout [Hirota et al., 1998 ], with complex defects including runting; specific skeletal changes have not been characterized.
BULK CALCIUM TRANSPORT BY THE OSTEOCLAST
The osteoclast is unique in mobilizing massive quantities of calcium from mineralized tissue. Dissolving hydroxyapatite requires the addition of protons, just as deposition of hydroxyapatite liberates acid (see Equation 1). To allow acidification, the osteoclast produces an isolated micro-compartment on the bone surface. This is achieved by close apposition to the matrix via adhesion of αv integrins to matrix RGD peptides, with β3 the major complementary subunit [Miyauchi et al., 1991] . Inside the osteoclast the cytoskeleton [Akisaka et al., 2006] , and transport activities [Vaananen et al., 2000; Schlesinger et al., 1994] are reorganized to support the resorption compartment.
The key metabolic activity within this sealed compartment is acid transport. It is driven by a V-type H+-ATPase [Blair et al., 1989 ]. This ATPase is comprised of two major subassemblies, membrane (Vo) and cytoplasmic (V1). The Vo component consists of a hydrogen channel, 17 kDa, and large, 116 kDa, protein with several transmembrane domains. This protein is crucial for membrane insertion, and four homologous genes encode variants of it [Nishi & Forgac, 2002] . The isoform TCIRG1 (ATP6i; A3) is amplified specifically in osteoclasts [Li et al., 1999; Mattsson et al., 2000] . Defects in this protein are common causes of osteopetrosis in the human [Blair et al., 2004] . Heterogeneity in TCIRG1 expression and function may also affect bone density [Carn et al., 2002] . The V1 assembly is essential to life. The proton pump mechanism is inferred by analogy to the homologous mitochondrial F-ATPase, which produces ATP from proton gradients rather than vice versa. It was described in detail in the 1980s and 90s [Boyer, 1997] . The F1 or V1 assemblies are nano-motors that couple ATP hydrolysis to electrogenic H+ translocation [Finbow and Harrison, 1997] . The F and V-ATPases are electrogenic and transport H + without counter-ions. Thus, counter-transport of cations or cotransport of anions is required for H + transport in meaningful quantity, as for mineral removal. And the osteoclast must move an amazing amount of acid, since bone mineral requires addition of ∼1.5 moles of H + per mole of calcium removed at pH 7.4, and the osteoclast can degrade approximately its own volume in bone mineral per day. Indeed, the quality of cultured osteoclasts in vitro is relatively easy to judge from rapid acidification of the medium completely out of proportion from the quantity of cells [Carano et al., 1993] .
Thus, calcium mobilization is dependent on and requires a cotransport of ions to balance the electrogenic proton pump. Studies of isolated osteoclast vesicles made it clear that this cotransport includes primarily chloride [Blair et al., 1991] . A Cl − channel was isolated from the avian osteoclast ruffled border , which is a homologue of a human intracellular chloride channel 5 (CLIC5) belonging to a family of proteins which form chloride channels in their membrane conformation [Heiss & Poustka, 1997; Ashley, 2003 ]. These proteins are structurally related to the omega family of glutathione S-transferases, and are required for development in C. elegans [Berry et al., 2003 ]. However, trans-genic mice deficient in an unrelated and also widely expressed chloride transporter, CLCN7 [Brandt and Jentsch, 1995] , are osteopetrotic [Cleiren et al., 2001; Kornak et al., 2001] . Polymorphisms in CLCN7 are associated with osteopet-rosis in several families as reported in a number of studies [Blair et al., 2004] . However, CLCN7 is a chloride-proton antiporter [Picollo & Pusch, 2005; rather than a chloride channel. This complicates the model for osteo-clastic acid secretion a bit in that a chloride-proton antiporter will not transport chloride without a significant H + gradient [Diewald et al., 2002 : Accardi et al., 2005 . In an elegant experiment correcting CLCN7 expression in osteoclasts rescued bone metabolism and uncovered an underlying lysosomal defect [Kasper et al., 2005] . Thus it is clear that multiple Cl − transporters play important roles in osteo-clast function . The CLIC family of intracellular proteins, which are chloride channels, have been identified with acidification in osteoclasts for some time [Blair & Schlesinger, 1990 . Recently, CLIC5, has been directly implicated in osteoclast bone resorption and H + transport [Edwards et al., 2006] . In combination the CLCN7 exchanger and CLIC5 provide a H + leak and charge neutralization that are important in acidification [Grabe & Oster, 2001 ].
This would extend our model of balanced HCl transport for mineral dissolution, but additional studies are required to understand the integration of this model [Blair et al., 2002] . There is a pervasive cytoskeletal-src dependence of proper targeting for the ion transporters of osteoclasts [Zuo et al., 2006 : Tehrani et al., 2006 : Abu-Amer et al., 1997 : Soriano et al., 1991 . The actindirected disposition of CLIC protein has also been observed in microvilli of placental cells [Berryman et al., 2004] . In osteoclasts the coordinated disposition of V-ATPase and CLIC required for full expression of the bone resorption phenotype [Edwards et al., 2006] . It is clear that much of the osteoclasts organization exists to support the massive acid secretion for bone calcium solubilization.
To complete bulk calcium transport, the high calcium solution at the osteoclast attachment [Silver et al., 1988 ] must be moved to and diluted in the extracellular space. Some calcium may be released when the osteoclast detaches, occurring under normal circumstances at intervals of roughly one day, but the volume of solublized bone producing calcium and phosphate is too great for this to be the sole mechanism. Studies using confocal imaging and labeled matrix showed that the bulk transport of calcium and other degraded membrane components by vacuolar transcytosis through the osteoclast plays a role in this process [Nesbitt and Horton, 1997; Salo et al., 1997] . However, there is also good evidence for calcium binding proteins and an epithelial calcium channel, TRPV5, that support a calcium-ferry mechanism [van der . The osteoclast has several other calcium transport proteins, including a Ca 2+ ATPase [Bekker and Gay, 1990] , which is expressed highly, as expected for a cell which may undertake significant cytoplasmic calcium transcytosis. Contrariwise, knockout of the TRPV5 calcium channel does not cause osteopetrosis, although rickets and hyperparathy-roidism occur [Renkema et al., 2005] . The massive calcium movement occurring in bone resorption undoubtedly requires that the osteoclast have a mechanism for protecting cytoplasmic and organelle calcium content even if the bulk transport is vesicular. Therefore understanding the parallel contributions of transcytosis and cytoplasmic transport will require a quantitative analysis of their relative contributions.
CALCIUM-DEPENDENT CELLULAR REGULATION IN THE OSTEOCLAST

Ca 2+ Signalling in Osteoclasts
Osteoclasts show a cell membrane Ca 2+ sensor function: this is not unexpected from the increases in ambient [Ca 2+ ] to levels as high as 8-20 mM [Silver et al., 1988] following hydroxyapatite dissolution by osteoclastic activity. Thus, such extracellular [Ca 2+ ] alterations alter bone resorptive activity in isolated rat osteoclasts [Malgaroli et al., 1989 following rapid and sustained changes in micro-spectrofluometrically determined cytosolic [Ca 2+ ], cell retraction ('R' effect) and longer-term inhibition of enzyme release and bone resorption [Datta et al., 1989a correct to 1989 , Moonga et al., 1990 Zaidi, 1990] . These findings suggest an existence of long and short term feedback mechanisms on both enzyme release Moonga et al., 1990] and osteoclastic bone resorptive activity controlled by the increases in extracellular [Ca 2+ ] that result from the latter process.
Cell physiological studies using fura-2 fluorescence to measure increases in free cytsolic [Ca 2+ ] suggested that such signals likely arise both through release of intracellularly stored Ca 2+ and extracellular Ca 2+ entry. Thus, ionomycin applications elicited cytosolic [Ca 2+ ] transients in osteoclasts exposed to Ca 2+ -free external solutions that fully recovered to baseline, persisted following surface membrane potential manipulations but disappeared following repeated ionophore application as would have been expected by progressive depletion of Ca 2+ stores. Restoration of extracellular [Ca 2+ ] then elicited cytosolic [Ca 2+ ] overshoots consistent with the capacitative Ca 2+ entry reported in other cells. In contrast Ca 2+ transients in osteoclasts studied in Ca 2+ -containing bathing solutions decayed to sustained levels and persisted despite repeated ionophore application. .
Evidence for a Surface Membrane Ca 2+ Receptor (CaR)
Neither the increase in cytosolic [Ca 2+ ] nor the associated cell retraction or inhibition of bone resorption appear to involve voltage-dependent L-type Ca 2+ channels. These were largely insensitive to both dihydropyridine or phenylalkylamine Ca 2+ channel specific reagents even under depolarizing conditions see also: Zaidi et al., 1990] . The available evidence favours specialist cellular mechanisms that sense ambient [Ca 2+ ] that parallel situations described in a number of other cell types, including CT-secreting thyroid parafollicular cells, parathyroid hormone (PTH)-secreting chief cells of the parathyroid gland [Brown et al., 1993] , gastrointestinal enterocytes [Gama et al., 1997; Pazianas et al., 1995] renin-secreting renal juxtaglomerular and proximal tubular cells [Riccardi et al., 1995] , neurones [Quinn et al., 1997] , cytotrophoblasts [Lundgren et al., 1994] , keratinocytes [Zaidi, 1990; Brown, 1991] and testicular Leydig cells [Adebanjo et al., 1998a] .
Such a hypothesis would similarly suggest for the osteoclast an existence of specific surface membrane Ca 2+ receptors (CaR) sensitive to higher, millimolar, [Ca 2+ ] changes than some of the other examples suggested above. Nevertheless, one could then suggest an activation scheme in which Ca 2+ acts both as extracellular regulator and intracellular messenger. This suggestion was compatible with the action of even some membrane-impermeant divalent or trivalent ions that similarly triggered cytosolic [Ca 2+ ] changes: this would remain compatible with their interaction with a surface membrane CaR [Malgaroli et al., 1989; Zaidi et al., 1991; Shankar et al., 1992a,b] . Thus, applications of the divalent cation Ni 2+ as surrogate extracellular trigger elicited rapid, concentration-dependent, cytosolic [Ca 2+ ] elevations. These showed use-dependence inactivation, persisted despite extracellular [Ca 2+ ] deprivation, and a dependence on agonist [Ni 2+ ] suggesting a unity Hill coefficient. They were prevented by prior depletion of intracellular Ca 2+ stores by ionomycin and modified by extracellular levels of the divalent cations, Ca 2+ and Mg 2+ . They were potentiated by acidification from pH 7.8 to 4 suggesting possible linkages between Ca 2+ sensing and extracellular acidification. The latter effect persisted in Ca 2+ -free, EGTA-containing solutions, implicating actions on the release of intracellularly stored Ca 2+ as opposed to its entry from the extracellular space . Finally, alterations of membrane voltage produced by altered extracellular [K + ] in the presence of a valinomycin ionophore modified both the activation and inactivation kinetics of the [Ca 2+ ] transients [Shankar et al., 1995a; Pazianas et al., 1993] . Findings of this kind were clearly compatible with regulation of cytosolic [Ca 2+ ] through a integral surface membrane receptor for the divalent cation regulators Ca 2+ and Mg 2+ that was also sensitive to the surrogate agonist Ni 2+ , whose occupancy activated and subsequently inactivated release of intracellularly stored Ca 2+ .
Functional Consequences of CaR Activation
Such a CaR activation were accompanied by a specific causally related set of functional and morphometric events culminated in a reduction of bone resorptive activity over hours Bax et al., 1992; Zaidi et al., 1992b; Shankar et al., 1993] and reduced acid phosphatase release, whose extent depended on agonist concentration. These effects followed a pronounced cell retraction (R effect) but preserved granule movement, cell migration, and quantitative indicators of margin ruffling. Again, they could be reproduced following application of different alkaline earth or other metal cations in a common potency sequence: La 3+ > Cd 2+ > Ni 2+ > Ca 2+ > Ba 2+ = Sr 2+ > Mg 2+ Shankar et al., 1992a] , again consistent with actions at a single surface membrane CaR .
The CaR activation mechanism also appeared to interact with other regulatory processes involving more systemic mechanisms that influence osteoclast activity. Physiological, femtomolar, CT concentrations reduced the sensitivity of the CaR system to both Ca 2+ and Ni 2+ . Amylin, calcitonin gene-related peptide, cholera toxin and dibutyryl-cAMP, all believed to act through the osteoclast cAMP signaling system exerted similar effects . Such cross coupling phenomena may also involve cytokine systems particularly those involving interleukin-6 (IL-6). Osteoclast surface membrane expresses IL-6 receptor, and IL-6 but not IL-11 reversed the inhibition of osteoclastic bone resorption induced by high extracellular Ca 2+ . This effect was reversed by excess soluble IL-6 receptor. IL-6 also inhibited cytosolic [Ca 2+ ] signals triggered by extracellular Ca 2+ or Ni 2+ . Conversely, elevated ambient [Ca 2+ ] or their culture on a bony matrix increased osteoclastic IL-6 secretion as well as IL-6 receptor mRNA expression. Together such observations suggest that ambient [Ca 2+ ] enhances secretion of IL-6 that in turn attenuates Ca 2+ sensing and Ca 2+ inhibition of bone resorption in an autocrine-paracrine loop that sustains osteoclastic activity despite local elevations in extracellular [Ca 2+ ] generated by bone resorption. [Adebanjo et al 1998c] .
Finally, both vitamin D-binding protein (DBP) and the macrophage-activating factor (DBP-MAF) left following removal of its sialic acid or galactose residue inhibit extracellular Ca 2+ and cation sensing with the order of potency: native DBP = sialidase-treated DBP > betagalactosidase-treated DBP [Adebanjo et al., 1998b] .
Ca 2+ Recovery in the Osteoclast
Mechanisms that then restore the basal cytosolic [Ca 2+ ] levels remain unclear. Besides a Ca 2+ -ATPase on the osteoclast dorsal surface relatively little is known of alternative or parallel methods for Ca 2+ extrusion although there is recent functional, evidence for a Na + /Ca 2+ exchanger that, in analogy to the regulation of cytoplasmic [Ca 2+ ] in cardiac muscle could be linked to the proton extrusion that is a primary determinant of the rate and extent of bone resorption [Moonga et al., 2001 ].
In common with other cellular systems, refilling of Ca 2+ stores following their release appears to depend upon a thapsigargin-sensitive Ca 2+ -ATPase. Furthermore, such store depletion appears to induce a capacitative Ca 2+ influx. Thus, the Ca 2+ -ATPase inhibitor thapsigargin produced the expected elevation of cytosolic [Ca 2+ ] in osteoclasts studied in Ca 2+ -free extracellular solutions. Restoration of the extracellular [Ca 2+ ] then produced a cytosolic [Ca 2+ ] overshoot. Similar effects followed Ca 2+ store depletion by ionomycin in cells bathed in EGTA-containing solutions when extracellular [Ca 2+ ] was similarly restored. Both studies suggested capac-itative Ca 2+ influx processes from the extracellular space by a cytosolic route .
Functional Evidence for Ryanodine Receptor (RyR) Participation in Osteoclast Ca 2+ Sensing
Increasing evidence implicates the ryanodine-receptor (RyR) in the transduction processes described here. Initial indications for this came from experiments that investigated the effect of perchlorate ions, known to facilitates skeletal muscle excitation-contraction coupling processes through acting on the RyR-Ca 2+ release channel, on osteoclast function. Its intravenous infusion reduced plasma [Ca] in rats. Perchlorate reduced in vitro cortical bone resorption, induced transient cytosolic free [Ca 2+ ] elevations, and marked and sustained cell retraction in isolated cultured osteoclasts whilst conserving cell motility parameters or of supernatant concentrations of tartrate-resistant (osteoclastic) acid phosphatase . Conversely, the RyR-inhibitor dantrolene Na inhibits Ca 2+ -induced cytosolic [Ca 2+ ] elevations [Miyauchi et al., 1990] [Shankar et al., 1995b] .
These physiological findings prompted labeling and fluorescence studies that went on more directly to implicate a RyR, or at the very least a RyR-like molecule, that uniquely existed in the cell surface as opposed to the microsomal membrane of the osteoclast, in the process by which changes in extracellular [Ca 2+ ] become transduced into elevations of cytosolic [Ca 2+ ]. Certainly extracellular applications of the cell-impermeant RyR modulators ruthenium red and adenosine 3 ′ ,5 ′ -cyclic diphosphate ribose (cADPr) both triggered elevations in cytosolic [Ca 2+ ] that were sensitive to manipulations of the surface membrane voltage. Both modulators additionally attenuated cytosolic [Ca 2+ ] responses to external Ni 2+ applications . This correlated well with binding and microscopy studies that demonstrated that [ 3 H]-ryanodine specifically bound to freshly isolated rat osteoclasts but was then displaced by ryanodine itself, the CaR agonist Ni 2+ and the RyR antagonist ruthenium red. Labelled ryanodine inhibited but antisera raised to an epitope located within the channel-forming domain of the type II RyR potentiated Ni 2+ -induced cytosolic Ca 2+ elevations. Serial confocal sections and immunogold scanning electron microscopy localized a staining to the plasma membrane staining by antiserum directed to a putatively intracellular RyR epitope only staining fixed, permeabilized cells in a distinctive cytoplasmic pattern .
Additionally, possible roles for cADPr in regulation of a surface RyR were suggested by demonstrations of cytosolic mRNA for the multifunctional ADP-ribosyl cyclase, CD38 which catalyzes NAD + cyclization to cADPr, known in turn to gate Ca 2+ release through microsomal membrane-resident ryanodine receptors (RyRs). Both confocal microscopy and Western blotting then localized the CD38 protein to the plasma membrane .
Is Ca 2+ Sensing Coupled to Changes in Cytosolic [Ca 2+ ]?
A possible involvement of a unique cell surface-situated RyR by which extracellular [Ca 2+ ] is transduced into changes in intracellularly stored [Ca 2+ ] nevertheless leaves a number of mechanistic questions unresolved. It remains uncertain as to whether the RyR-2 also itself functions as the Ca 2+ sensor, conceivably through its intraluminal low-affinity Ca 2+ binding site [Anderson et al., 1989] or is coupled to a distinct intramembrane entity of the conventional 7-pass G-protein coupled types described elsewhere [Kameda et al., 1998 ]. The mechanism by which such a surface event would induce a release of intracellularly stored Ca 2+ remains unclear. Finally, the role of such a unique surface membrane site in the osteoclast for the RyR in longer term osteoclast regulation certainly merits further exploration Gerasimenko et al., 1995; Santella & Carafoli, 1997] .
FINAL THOUGHTS
Calcium is a unique cation in living systems because of it dominant role in intra-cellular signaling. Therefore bone cells which must handle massive amounts of this mineral take special care in its regulation. Sustained elevation of intracellular calcium leads to cell death that is not effectively opposed by the usual regulators of apoptosis. We have undertaken to present what is known about how bone cells deal with calcium. However much remains to be learned and the acquisition of this knowledge will inform our treatment of many important medical conditions. Bulk calcium transport by the osteoblast. While chondrocytes are individual cells embedded in an acellular matrix, and calcify the matrix focally by producing high local concentrations of phosphate, osteoblasts are arrayed in a three-dimensional organized matrix that allows calcium to be deposited in an efficient site-directed mechanism. The osteoblasts are connected into sheets of cells at the surface of bone by gap junctions containing connexin-43. The osteoblasts secrete an organic matrix comprised mainly of type I collagen, which is oriented in layers alternately along the axis of stretch of the bone and orthogonal to this axis. There are also minor proteins, including the calcium binding low molecular weight protein osteocalcin, which facilitate mineral deposition. Mineral deposition is driven by alkaline phosphatase activity which degrades pyrophosphate. Pyrophosphate can be transported either by membrane transporters including ANKH, or may be produced locally by nucleoside pyrophosphatase (PC-1) activity. The high phosphate produced is balanced by calcium transport and by alkalinization of the mineralization site, which are required for continuing mineral deposition, but the specific transporters involved in these activities are unclear (See Colour Plate 28) Bulk calcium transport by the osteoclast. Net acid transport is driven by the vacuolar-type H + -ATPase with a specialized large membrane subunit. Transport is balanced by chloride transport, probably involving both a chloride channel (CLIC-5) and a chloride bicarbonate antiporter (CLCN7). Supporting transport processes include chloride-bicarbonate exchange. Insertion of transporters is specific for subcellular locations and involves interaction of transporters with specific cytoskeletal components, including actin (See Colour Plate 29)
